The electrochemical oxidation of various organic compounds using inorganic salts like sodium halides and sodium tetrafluoroborate has been accomplished under mild conditions. The long-standing problem of solubility of inorganic salts in aprotic organic solvents in electroorganic synthesis has been overcome by the addition of poly(ethylene glycol) to the electrolytic solutions through cyclic voltammetry analysis and macro-scale electrolysis. By using this method, anodic halogenation, anodic deprotection, and anodic coupling reaction of organic compounds were successfully carried out to provide desired products efficiently.
Introduction
In spite of both synthetic and environmental advantages of electroorganic synthesis, 1 there have been severe drawbacks in the aspect on the process, in which a large amount of supporting electrolyte is necessary to provide sufficient conductivity to electrolytic solution. Modern strategies of electroorganic synthesis 2 focus on reducing the amount of supporting electrolyte by using solid polymer elecrolyte (SPE), 3, 4 microflow reactors, 5, 6 polymersupported base, 7, 8 and ionic lquids. 8, 9 These approaches well contributed to the development of green electrode process; however, each reaction systems is somewhat specialized.
Another approach aiming to the purpose is the use of inexpensive and common inorganic salts instead of expensive synthetic quaternary ammonium salts in electrooganic synthesis. Such inorganic salts are hardly soluble in aprotic organic solvents, in which electrode reactions of organic molecules is usually conducted. We recently reported the novel electrolyte combination of alkalimetal fluoride (MF: M = K, Cs) and poly(ethylene glycol) (PEG) (M n ³ 200) in acetonitrile (MeCN) for anodic partial fluorination of organic molecules. 10 Although MF is insoluble in MeCN, the addition of PEG markedly promoted the solubility and dissociation of MF by coordination of PEG to metal cation. 11 Since Et 3 N·nHF and Et 4 NF·nHF (n = 35) have been mainly used for anodic fluorination so far, 9 our new electrolytic system, namely MF-PEG/ MeCN offered an alternative efficient method for anodic fluorination of organic compounds.
We herein report the extended studies of the new electrolytic system using sodium halides for anodic halogenation, and sodium tetrafluoroborate (NaBF 4 ) for anodic deprotection, and anodic coupling reaction of organic compounds. F-NMR spectra were given in D (ppm) from internal tetramethylsilane (TMS), CDCl 3 , and monofluorobenzene, respectively. EI mass spectra were recorded on Shimadzu GCMS-QP5050A mass spectrometer. High resolution mass spectra (HRMS) were recorded on JEOL the MStation JMS-700. Cyclic voltammetry measurements were carried out using ALS 600A electrochemical analyzer. The preparative electrolysis was performed using Metronix Corp. constant current power supply model 5944 monitored with Hokutodenko coulomb/ amperehour meter HF-201.
Materials
All chemicals were obtained commercially and were used without further purification. 2,2-Bis-(4-fluorophenyl)-1,3-dithiane (3), 12 O-ethyl p-fluorobenzothioate (5), 13 were synthesized according to the literatures. Products 2, 4, 6, and 8 were identified by comparison with 19 F-NMR and GCMS spectral data of their authentic samples.
14,15
Typical procedure for anodic oxidation
Anodic oxidation of N,N-dimethylaniline (1a) (0.1 mmol) was carried out in an undivided cell equipped with a platinum plate anode and cathode (1 © 1 cm 2 ) in MeCN (5.0 ml) containing metal salt (0.5 mmol) and PEG (M n ³ 200) (300 mg) at room temperature. A constant current (10 mA/cm 2 ) was passed until the starting material 1a was mostly consumed (monitored by TLC). After electrolysis, the electrolytic solution was passed through a short column filled with silica gel using ethyl acetate as an eluent to remove inorganic salts. The yield of the products in the eluent was estimated by GCMS spectral data and 19 F-NMR using monofluorobenzene as an internal standard.
Results and Discussion
Halogenated aromatic compounds are valuable precursors in organic synthesis and they have been used widely in the synthesis of industrially important products, and biologically active substances such as antitumor, antifungal, antibacterial, antiviral compounds. Halogenation reagents like molecular halogen are hazardous, very toxic, and not easy to handle. On the other hand, organic halogenation reagents like NCS, NBS, and NIS are costly and produce a large amount of waste after use in a large scale (poor atom economy). Thus milder, selective, non-hazardous and inexpensive reagents are still in demand. Electrochemical reactions using sodium halides such as sodium chloride (NaCl) and sodium bromide (NaBr) are potential candidates to fulfill the requirements if they are soluble in electrolytic solvent. Our strategy using PEG additive seems to be effective to solubilize such sodium halides in aprotic organic solvents.
First, cyclic voltammetry measurements of NaBr only (Fig. 1,  line a) and NaBr in the presence of 0.3 M PEG (Fig. 1, line b) were carried out in anhydrous MeCN. As shown in Fig. 1 , line a, faradaic current was not observed due to the insolubility of NaBr in MeCN. In sharp contrast, the oxidation current for Br ¹ around +0.9 V vs. SCE and the reduction current for cationic species of Br (ca. +0.3 V vs. SCE) were clearly observed, indicating that the sufficient ionic conductivity appeared. Under these conditions, PEG seemed to work as solubilizing agent for NaBr because the oxidation onset potential of PEG was observed at +1.4 V (vs. SCE) in our previous report. 10 Next investigation is the reaction of the anodically generated cationic species of Br and electron-rich aromatic substrate such as aniline derivatives. In the cyclic voltammogram of NaBr in the presence of PEG and N,N-dimethylaniline (1a) (Fig. 1, line c) , the oxidation current for Br ¹ appeared, while the reduction current for the cationic species of Br completely disappeared. The generated cationic species of Br seemed to be consumed for electrophilic substitution on 1a. These results indicated that the ionic dissociation of NaBr was promoted with the support of PEG in MeCN, and that the resulting ions acted as ionic charge carriers and bromine source.
We then investigated the macro-scale anodic halogenation of 1a in the presence of NaX (X = Br, Cl) with PEG in MeCN ( Table 1) . In Entry 1, the anodic bromination using NaBr in the absence of PEG did not take place at all, while the reaction proceeded efficiently with PEG to give brominated product 2a in excellent yield (Entry 2). The anodic bromination of other derivatives like 1b1d was similarly achieved (Entries 35) by passing 4 F/mol of charge. In the undivided cell, the generated cationic species of Br may be re-reduced at the cathode to form Br ¹ ; this cycle requires additional electricity to the theoretical one (2 F/mol). The anodic chlorination of 1d was also successful to give chlorinated product 2d¤ in high yield (Entry 6). In Entries 5 and 6, the halogenation at the benzylic position did not take place at all. In addition, catechol (1e) and 2-methoxynaphthalene (1f ) were brominated similarly in excellent yields (Entries 7 and 8). To our best knowledge, conventional electrolysis using alkali-metal halides in MeCN requires a large amount of quaternary ammonium salts to impart sufficient ionic conductivity, and the electrolysis proceeds in suspension of hardly soluble alkali-metal halides. 16 The two-phase (chloroform/ water) anodic bromination of aromatic compounds 17 requires a large amount of water, in which water-sensitive reactions cannot be carried out. Moreover, chloroform is harmful. These facts indicated that the use of PEG as an additive markedly enhanced the inorganic salt-based anodic halogenation under mild and safe conditions for the first time.
In order to extend the generality of the electrolytic system, we next focused on other anodic reactions using sodium tetrafluoroborate (NaBF 4 ) as a supporting electrolyte. Since NaBF 4 has a wider potential window and higher chemical stability than sodium halides, a variety of anodic organic reactions can be performed only when it dissolves in aprotic organic electrolytic solution. As expected, NaBF 4 was found to be soluble in MeCN in the presence of PEG enough to supply sufficient ionic conductivity to the solution, and the onset potential of NaBF 4 was observed at much higher potential (+2.1 V vs. SCE) than that of NaBr (+0.5 V vs. SCE).
Then we investigated the anodic deprotection of cyclic dithioacetal (3) and thionoester (5) together with the coupling reaction of 1,2,4-trimethoxybenzene (7) in NaBF 4 -PEG/MeCN (2013) system. The conventional deprotection of cyclic dithioacetals usually requires hazardous and polluting heavy metal salts, which cause waste disposal problem. We successfully carried out the deprotection of 3 and 5 by using this new electrolytic system (Schemes 1 and 2). The deprotection method has advantages such as extremely low toxicity, mildness and high efficiency. Moreover, the anodic oxidation of 7 was successfully performed in the same protocol to afford the corresponding homo-coupling product quantitatively (Scheme 3).
Conclusions
In conclusion, we have developed the novel electrolytic system for anodic halogenation, deprotection of dithioacetal and thionoester together with anodic coupling reaction using alkali-metal salt-PEG/ MeCN system. The PEG seems to be an excellent additive to solubilize inorganic salts in aprotic solvents such as MeCN, which makes it possible to perform various electrochemical oxidation reactions of organic compounds under mild and environmentally friendly conditions. The scope and limitations of this new electrolytic system are now under investigation. 
